Rare earth elements
Introduction
Magnesium alloys are attractive as light weight structural materials for potential automotive and aerospace applications [1] . A number of commercial magnesium casting alloys boundary strengthening as well as forming intermetallic compounds with high melting points. The addition of rare earth elements also increases the high temperature creep resistance through the release of the stable phases which make dislocation glide difficult [6] . Nevertheless, the application of Mg-Zn, or Mg-Zn-Al systems is still limited in comparison with aluminium alloys due to their hot cracking tendency, serious micro-porosity and low mechanical properties [3, 7] . In addition, the magnesium alloy melt can be extremely flammable and explosive in the process of industrial production [8] . An alternative technology, which eliminates casting disadvantages, being at the same time novel and promising, is semi-solid metal processing (SSM), which applied to EZ33A magnesium alloys, can be used to obtain significantly different microstructure. SSM processing involves the thixotropic behaviour of the alloys, which is characterized by a decrease in viscosity over a period of time under a constant shear rate [9, 10] . The alloys for thixoforming should have a wide semi-solid temperature range and globular microstructure surrounded by a homogeneously distributed liquid phase [9] . It was confirmed that such a process improved the mechanical properties of aluminium and magnesium alloys [8, 11] as well as steels [12] . The addition of RE has a positive effect on the globular microstructure formation (required in SSM) by heterogeneous nucleation of (␣)Mg [4] [5] [6] . Zinc extends the solidus-liquidus temperature range of the Mg-Zn system [13] as well as actively takes part in strengthening the alloy by solution hardening and precipitation [4, 5] . The composition of EZ33A magnesium alloys combines the appropriate features of the material for SSM with very good mechanical properties thanks to good response to T6 heat treatment. Nevertheless, this kind of alloy has not been so far subjected to the application of thixoforming. There are numerous examples in the literature confirming the positive effect of thixoforming on Mg-Zn-RE alloys. Zhang et al. [14] studied the effect of RE element on the globular microstructure formation in the semi-solid state of Mg-6Zn-4Sm-0.4Zr alloy. The thixoforming and heat treatment significantly improved the mechanical properties of Mg-Zn-RE according to work [15, 16] . The aim of the present work was to study the influence of semi-solid metal processing on microstructure and mechanical properties of EZ33A magnesium alloy. The detailed characterization of the thixo-cast directly after forming allowed developing the optimal parameters of T6 heat treatment. The dominant mechanisms of strengthening after achieving peak-aged hardening were explained using advanced methods of TEM.
Experimental procedure

Material preparation
The commercially available EZ33A magnesium alloy ingot, supplied by Magnesium Elektron Ltd., was used as the raw material for semi-solid metal processing. Its chemical composition is presented in Table 1 . The thixoforming was conducted using a specially built prototype of press. The feedstock of diameter 30 mm and height 30 mm was placed inside the coil of an inductive furnace and heated up to 622 • C (with the heating rate of about 100 • C/min), which corresponded to 
Fig. 1 -EZ33A thixo-casts.
about 30% of the liquid phase (according to the DSC curve). The temperature of the feedstock was measured with an S type thermocouple. The billet was then moved to the vertical shot sleeve and forced by a piston at velocity 1.5 m/s into the die cavity in the axial direction at the pressing force of 250 kN. The die of HS6-5-2 steel, sprayed with BN had temperature 20 • C. A few thixo-formed cuboid shape samples (50 mm x 40 mm x 10 mm) were produced in that way (Fig. 1 ).
Analysis of microstructure and mechanical properties
The samples taken from the longitudinal direction of the ingot and thixo-casts (directly after the process as well as after T6 treatment) were subjected to the structural characterization. The materials used for optical microscopy were polished and etched in Nital. The observations were carried out using a Leica DM IRM metallographic microscope. The quantitative and qualitative analyses were performed using the Snyder-Graff, Jeffries Planimetric method [17, 18] . In order to obtain reasonable statistical results about 1000 particles were evaluated in each specimen. ImageJ program was used for calculating the size distribution and characteristic values. Microstructural examinations were also carried out using a Scanning Electron Microscope (FEI VERSA 3D FEG). A series of BSE microphotographs were taken to identify the structural components. The chemical composition of selected micro areas was established using the Energy Dispersive X-ray spectroscopy (EDS) technique with an EDAX Apollo XP spectrometer. Five measurements were made for each phase and the mean value and the standard deviation were calculated. The experiments were performed at HV = 30 kV, WD = 10 mm, mag = 500× using a CBS detector. The phase analysis was carried out with a Panalytical Empyrean X-ray diffractometer with Co K␣ radiation in the scan mode 20-100 2-Theta range at the anode voltage of 40 kV and current 40 mA. The Fig. 2c, 
3.
Results and discussion
Characterization of EZ33A ingot
The metallographic analysis based on scanning electron microscopy image presented in Fig. 2a showed that the EZ33A ingot consisted of ␣(Mg) globular grains with the circularity index of 0.9 ± 0.01 and the average size of 65.6 ± 1.1 m. The alloy contained additions of rare-earth elements, e.g. Ce, Nd, La (EDS point 1, Fig. 2a , Table 2 ), which had a significant impact on microstructure, leading to the grain refinement by the heterogeneous nucleation of ␣(Mg). Zr enriched precipitations were identified inside the grains (Fig. 2b , point 2, Table 2 ) to form the ZnZr 2 phase [19] . They were also present at globule boundaries limiting microstructure coarsening. Around them, the eutectic mixture in the volume of 10.4%, and high concentration of alloying elements (light area in Fig. 2a , EDS point 3
in Fig. 2c , Table 2 ) suggesting the presence of complex intermetallic phases were observed. The TEM observations of grain boundaries revealed the presence of precipitates with the size of about 3.5 m (Fig. 3a) . The electron diffraction pattern (Fig. 3b) from the area marked with ring in Fig. 3a showed (200) [4, 5, [20] [21] [22] . Additionally, the EDS analysis of the identified phase (point 1 in Fig. 3a, Table 2 ), confirmed the presence of Mg, Zn and RE in amounts 45.9, 16.4 and 37.7 wt.%, respectively. The XRD analysis of ingot ( in which two kinds of phases can be established; one of oval shape and another in the form of laths. Based on maps of the distribution of elements, it could be stated that both types of precipitates were enriched mainly in zinc and rare earth elements were identified as the T phase (Fig. 6c, d ), which was composed of 69.5 wt.% Mg, 17.2 Zn, 5.9 Ce, 5.3 Nd, 1.2 La and 0.9 Zr. In both analyses the Mg content was too high compared with its real contribution, due to an additional signal from the matrix.
Characterization of solidus-liquidus temperature range
The results of calorimetric studies carried out during heating and cooling at 15 • C/min of the EZ33A alloy (ingot) in the solidus-liquidus range were graphically composed as heat flow curves with changes of liquid fraction contribution, both versus temperature in Fig. 7 a and b , respectively.
Melting of ␣(Mg) of the EZ33A alloy was preceded with the dissolution or partial melting of two probable phases of the eutectic, which were Mg 7 Zn 3 RE and RE(Mg,Zn) 11 (T-phase) (Fig. 7a bottom curve) [4] [5] [6] 20, 21] . The effect is visible as endothermic reactions in the range of temperatures 560-585 • C. It should be noted, that the phases contained in their lattices the rare earth elements, whose contribution in the examined alloy amounted to about 2.9 wt.%. That could be responsible for the local changes in their melting temperatures. The effective melting process of the alloy, which has a decisive influence on the increase of liquid phase in function of temperature, occurs in the range from 592 to 656 • C. It is visible in the DSC curve as a big endothermic effect. According to the equilibrium system [13] the liquidus temperature for 2.3 wt.% of Zn in Mg is 578 • C, while that of solidus is 645 • C. The large differences observed are due to the high rate of cooling (DSC, 15 • C/min) and the contribution of rare earths elements, which have higher melting temperatures compared with magnesium (Ce -795 • C, Nd -1010 • C, La -920 • C). During the crystallization of EZ33A alloy (Fig. 7a, upper curve) , the liquidus temperature was estimated to be 636 • C and it was shifted by 20 • C in regard to that estimated for heating, which was due to undercooling of the alloy required at crystallization. The process ended at 590 • C followed with a small exothermic reaction in the temperature range 548-557 • C brought about by the crystallization of low-melting phases, probably enriched with zinc and rare earths. This broadened peak was observed at relatively high temperature compared with small endothermic peaks visible during heating, which could be caused by a local segregation. However, it might also be due to the crystallization of Mg 7 Zn 3 RE and RE(Mg,Zn) 11 T-phase at lower temperatures [4] [5] [6] 20, 21] . A strong supersaturation of ␣(Mg) solid solution with zinc or RE resulting in the decrease of the eutectic amount can be one more explanation. The dependence of liquid fraction in function of temperature was drawn in order to obtain the detailed description of solid-liquid range and to select a proper temperature of thixoforming which was shown in Fig. 7b . Based on the Kazakov criteria, the thermo-physical properties of the EZ33A alloy were determined for the solid-liquid range [23, 24] . The obtained results are collected in Table 3 . The values for T 40%-20% and T 60%-40% corresponded to the temperature interval between 40-20% and 60-40% of liquid fraction (f L ), respectively (values have been chosen due to they are a typical ranges of the process window used in various kinds of SSM technology [10] ). This temperature range should be wide enough to allow easier control of solid fraction during the process. Its means that small deviations in temperature (because of inaccuracy of temperature measuring instruments) should not significantly affect the changes of liquid fraction. Point A, marked in Fig. 7b , corresponding to 622 • C (liquid content 30%) was taken as the temperature of thixoforming casting process.
Analysis of EZ33A thixo-cast
The EZ33A magnesium alloy ingot was used as the feedstock for semi-solid processing to assess the influence of technology on microstructure and mechanical properties. As was confirmed in several works [25, 26] , SSM allows obtaining a unique structure, thanks to specific conditions of the process, e.g. high shearing during the flow of the alloy suspension, rapid cooling, exerted pressure during the solidification and, in consequence, the formation of the strong non-equilibrium state of material. The selection of parameters proved the thixotropic cast free of defects. The cavity of the mould was completely filled by the metal and the micro-porosity was not observed. The product did not require more post-processing than the removal of fine fragments of the filler residue. The SEM-BSE microstructure of EZ33A thixo-cast revealed the presence of ␣(Mg) globular grains with the average size of 76 ± 1.1 m, surrounded by the eutectic mixture in the volume of 35% (Fig. 8a) . The XRD analysis of the thixo-cast (Fig. 4b) confirmed the presence of ␣(Mg) as well as T-phase which were probably located in interglobular areas (Fig. 8b) . The differences in the content of the liquid phase observed, based on the DSC (Fig. 7a, b ) and microstructure analyses, presumably resulted from different cooling rates as well as inaccuracy during the temperature control. The results of EDS point analysis in the grain (area 1 in Fig. 8a ) as well as in the eutectic (point 2 in Fig. 8b ) are presented in Table 4 . The significantly increased segregation in comparison with the EZ33A ingot is visible. It is connected with remaining of the sample in the semi-solid state which leads to the diffusion control phenomena such as the increase of average grain sizes and the decrease of concentration of RE elements in the grains, leading in consequence to the promotion of segregation. Nevertheless, it can be seen that the eutectic was refined and so was the grain size in comparison with the ingot structure. Additionally, the precipitations enriched in RE elements were identified in the center areas of grains (Fig. 8c , EDS point 3, Table 4 ). In the Mg-Zn-RE-Zr alloys with high contents of rare-earth the appearance of the (Mg, Zn) 12 RE precipitates at the grain boundaries of a secondary Table 4 -Chemical composition of different phases in the EZ33 thixo-cast measured by SEM/EDS and TEM/EDS (areas marked in Fig. 8a-c) . solid solution based on the Mg 12 Ce intermetallic phase [4, 5] was observed in [27, 29] . In the case of Mg-Zn-RE-Zr alloys with high content of zinc (ZE and EZ type of alloys) the structure was similar, however with differences in the concentration of eutectic components (Mg 7 Zn 3 RE and T-phase with formula RE(Mg, Zn) 11 ) [27] [28] [29] . The studies of phase diagrams, carried recently on Mg-Zn-Ce system have shown, that in Mg-rich alloys, apart from the Mg solid solution, the Ce(Mg, Zn) 12 phase was established, which appeared together with the Ce(Mg, Zn) 11 one of tetragonal structure (space group I4/mmm) and lattice constants a ≈ 1.01-1.03 nm, c ≈ 0.57-0.6 nm [28, 29] .
Similarly to the case of the Ce(Mg, Zn) 11 phase, the compound revealed the variable content of Zn in the range of 10.4-43.9 at.%. In the present work, the RE(Mg, Zn) 11 was identified, probably due to the temperature of the process. High temperatures increase the rate of diffusion, leading to grain growth [6] . The share of eutectic phases decreased due to the thixotropic process as a result of their partial dissolution in the matrix and, as a consequence, microstructure strengthening was achieved. The separation of fine eutectics on the grain boundary was also obtained, which was a positive result of the use of thixotropic technology to increase the strength of alloy.
EZ33 thixo-cast after thixoforming and T6
In the next stage of the study, a heat treatment of thixocast samples was performed. Due to the fact that the SSM microstructure was significantly different from that typically obtained after casting or plastic deformation, new conditions of T6 heat treatment (time, temperatures of solution treatment and aging) were developed. The saturation temperature was determined based on the DSC results obtained during heating (Fig. 7a) . It can be noticed that the beginning stage of the melting process of intermetallic phases started at ≈560 • C. To eliminate the influence of differences in heating rates of the samples (15 • C/min in the calorimeter and about 60 • C/min in the furnace for heat treatment), which could have led to local melting, the temperature of saturation was decreased to 500 • C. The time of saturation was 6 h and it was proposed based on literature [29, 30] , where alloys of similar chemical composition were considered. The optimal ageing temperature to produce the ˇ' type precipitation in the Mg-Zn system was reported to be in the range of 100-170 • C [5, 27, 31] . However, in the present work, 190 • C was applied, while ageing time was shortened. Next, the kinetics of the supersaturated magnesium solid solution decomposition was determined, using hardness measurements in function of time. This method is very often applied due to its sensitivity to microstructure changes [6] . Fig. 9 shows the curves of hardness changes versus ageing time (in the range of 0.15-50 h) at the constant temperature of 190 • C for the EZ33A thixo-cast after solution at 500 • C for 6 h. Tw o characteristic hardness peaks after 16 h and 33 h of aging at 190 • C can be seen. The precipitations formed in this range are probably coherent with the ␣(Mg) matrix. Additionally, another maximum can be seen (third one) after 45 h at 190 • C, which was preceded by a sharp decline of hardness to 54 HV. It could be because that early formed precipitations (obtained at first peak) lost the coherence with the matrix [1] . In accordance with Rokhlin [6] the aging behavior of Mg based alloys depends on types of rare earth elements used. Tw o main groups of rare earth metals were proposed: cerium one which included Nd, Sm, La and the yttrium group with Gd, Tb, Ho, Er and Tm. The metals have different effects on changes of hardness with time of aging. The addition of cerium group to Mg alloy leads to obtaining a significantly lower hardness than that of the yttrium group metals. Referring to the current research, the increases of hardness at beginning of aging time (after 16 h) are connected with the formation of Zn enriched precipitations (which lost coherence after 36 h), while second and third peak corresponding to 33 h and 45 h of aging at 190 • C respectively, are results of formation the RE containing phases, Tw o different groups of rare earths in the EZ33A thixo-cast have direct influence on its aging curve. Hence, a synergic effect of their action is observed. The positive effect of Ce on precipitation hardening in Mg-Zn based alloys has been reported in [4] . In the MgZn 4 Ce 0.1 (wt.%) alloy the hardening rate was initially low, but its value increased after 3 hour-ageing to achieve the peak hardness of 75 HV after 168 h at 180 • C. The differences, in comparison with the present work, are results of the higher concentration of Ce and higher temperature of ageing. What is interesting, a very weak effect of hardness changes was observed after T6 treatment in the binary system Mg2Zn, while in the Mg7Zn (all in wt.%) alloy the hardness significantly increased [4, 5] . It suggested that the volume of Zn played a crucial role in the hardening effect. Moreover, microalloying the Mg-Zn alloys with e.g. Ce can lead to advantageous hardening effects [4] . Fig. 10a and b present the SEM-BSE microstructure of a cross-section of thixo-formed sample after the T6 treatment (solution at 500 • C for 6 h and ageing at 190 • C for 33 h). Large changes in the microstructure are visible in the form of a smaller amount of the secondary phase. The eutectic partially dissolved, resulting in coarsening of primary grains. The average grain size increased up to 92 m (Fig. 10a) . The chemical analysis was performed in the areas marked with squares in Fig. 10a, b and the results are presented in Table 5 . The content of alloying elements in the solid solution (area 1 in Fig. 10a, Table 5 ) is higher than in the sample directly after processing, which suggests their partial dissolution in globules, although the fine ˇ' precipitates resulting from ageing could not be seen at that magnification. As a result of T6 heat treatment, the T-phase and such partially dissolved in the magnesium solid solution, which was confirmed by the EDS analyses, in which smaller amounts of Zn and RE elements were observed in comparison with the thixoformed material (area 2 in Fig. 10a , Table 5 ). It was also confirmed by the XRD examination, in which the intensity of T-phase decreased (Fig. 4c) . Spherical and rectangular shape precipitations enriched in RE elements (area 3-5, Fig. 10a , b, Table 5 ) as well as micro-eutectic (area 6, Fig. 10b , Table 5 ) were observed in the microstructure of grains. Solutioning and aging of these alloys reported in the study [27] did not bring the desired effect, because it led to the breakup of RE(Mg, Zn) 11 phase and its partial dissolution. It could be connected with the coarse eutectic present in the ingot microstructure and also with a too low temperature of annealing [15, 32, 33] . The microstructural results are consistent with reference [26] , confirming, that the T6 treatment after the SSM could influence the improvement of the mechanical properties like hardness and compression strength. Fig. 11 shows the TEM bright field image, in which small, coherent with matrix precipitations with the average thickness of 3 nm and length up to 12 nm are visible as dark points homogenously distributed in the ␣(Mg) matrix. They are responsible for strengthening of material by the precipitation hardening mechanism, which introduces stress to the ␣(Mg) lattice [34] , thanks to the early-stage decomposition of the supersaturated magnesium solid solution. In accordance with Wei et al. [35] the precipitations observed in the present work are similar to ˇ′ 1 , which have a rod-like morphology. Rare earth elements have a very low solubility in ␣(Mg) solid solution [13] . Nevertheless, the presence of Ce addition Table 5 -Chemical composition of different phases in the EZ33A thixo-cast after T6 measured by SEM/EDS and TEM/EDS (areas marked in Fig. 10a, b) . in the alloy improves the precipitation hardening effect of the Mg-Zn based alloy [4] . The TEM bright field image was taken along [2-1-10] zone axis and the corresponding diffraction pattern as an insert (Fig. 12a ) of the thixo-formed part after T6 peak-aged condition shows the presence of ˇ′ 1 and ˇ′ 2 transition phases. The morphology of these phases is different: the ˇ′ 1 phase precipitates as rods perpendicular to (0001) ␣(Mg), visible in Fig. 12a as dot points, whereas the ˇ′ 2 phase precipitates as plates parallel to (0001) Mg(␣) with the size of 100-120 nm. At the matrix orientation [0001], the ˇ′ 2 particles are visible as discs [35] . The electron diffraction pattern from the image area shows the reflections from ␣(Mg) (01-10) and (0002) at zone axis [2-1-10] . Unfortunately, due to the small size of precipitations, the reflections from them were not observed. Fig. 12b shows a high-resolution transmission electron microscopy (HRTEM) image taken of the area presented in Fig. 12a . The atomic planes of ␣(Mg) matrix with clearly visible thin precipitates as well as a high number of dislocations located around them indicate the presence of nano precipitates partially coherent with the matrix. Based on the lattice distances and angles between them, measured from a fast Fourier transform (FFT) obtained from the area marked with rectangular frame (as insert in Fig. 12b ), the ␣(Mg) matrix with zone axis [2-1-10] was confirmed. Additionally, less visible reflections (marked with arrows) which corresponded to the ˇ′ 1 were also present [37] . 
Mechanical properties
The room temperature compression test was carried out to determine the deformation behavior of the EZ33A magnesium alloy. The stress-strain plots of the ingot (continuous curve; feedstock for SSM), directly after thixoforming (double dotted dashed curve), after two kinds of T6; the first: solution at 500 • C for 6 h and ageing at 190 • C for 13 h (dotted curve), the second one: solutioned at 500 • C for 6 h and aged at 190 • C for 33 h (dashed curve) are presented in Fig. 13a . The hardness results are collected in the form of the block diagram in Fig. 13b . The ingot had the lowest compression strength 210 MPa at hardness 52 ± 3HV and plasticity 4.3%. It was connected with coarse eutectic and intermetallic components, which limited the plastic deformation at room temperature and with lack of nano-precipitates in the ␣(Mg) matrix. The EZ33A thixo-cast revealed the high plastic strain of 22.5% at the compression strength of 335 MPa and, similarly to the examined ingot, the yield strength 90 MPa and hardness 54 ± 2 HV. Relatively better mechanical properties are the results of refining the eutectic by rapid quenching to a cooled steel die. Additionally, the analysis showed that more eutectic phases appeared in the structure, resulting in strengthening of the interglobular space compared with the input material (ingot). This was due to the fragmentation of the eutectic phase. The significantly better properties were achieved during the measurements of the samples after the heat treatments (solutioning at 500 • C for 6 h and aging at 190 • C for 13 h) and (solutioning at 500 • C for 6 h and aging at 190 • C for 33 h). Hardness was 67 and 73 HV for the sample aged for 13 h and 33 h, respectively. The yield strengths of both samples after T6 were similar and reached 135 MPa. The differences in compression strength: 341 MPa, 383 MPa and plasticity 17% and 22% were observed for the sample aged for 13 h and 33 h, respectively. They were due to different lengths of ageing time of ␣(Mg), which could have affected the number of precipitations responsible for strengthening. The higher hardness of thixo-cast after T6 was in agreement with its increased compressive yield strength. According to Rokhlin [6] who studied EZ33 ingot after T5 during tensile strength test, the yield strength (YS) was 96 MPa. Higher YS value of the thixo-cast after T6 (at 30%) could be connected with an increased number of ˇ' precipitates (due to the solution treatment), while the high plasticity was connected with the fine eutectic in the SSM-ed samples. When comparing the plasticity and compressive strength (CS) of the EZ33 alloy, which contained about 3 wt.% of RE and ZE41 one with about 1 wt.% RE, it could be seen that the strain and CS were higher for EZ33, in spite of YS, which was lower. The increase in ductility and CS were possibly linked to weakening of the basal texture due to the formation of hard eutectic phases and secondary precipitations brought about by the presence of RE [37] .
Conclusions
Detailed characterization of EZ33A magnesium alloy after mould casting, thixoforming as well as after T6 heat treatment established differences in microstructure and mechanical properties.
(1) The EZ33A ingot microstructure showed a globular structure with a coarse eutectic mixture consisting of Mg 7 Zn 3 RE, T-phase -RE(Mg, Zn) 11 and ␣(Mg). Heterogeneous nucleation of magnesium solid solution allowed obtaining structure appropriate for SSM in the as-cast state. The temperature of thixoforming was determined using DSC analysis to be 622 • C, which corresponded to about 30% of the liquid phase. 
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